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Recent Measurements of t h e  Magnetic F i e l d  i n  t h e  
Outer Magnetosphere and Boundary Regions 
by 
J .  P. Heppner 
November 1965 
( P r e s e n t a t i o n  a t  t h e  ESRO Colloquium on Aurora l  and Assoc ia ted  Magnetospheric 
Phenomena a t  Very High L a t i t u d e s ,  Stockholm, Sweden, November 16-18, 1965) 
A b s t r a c t  
Within t h e  framework of a b r i e f  review of r e c e n t  magnetic f i e l d  
measurements i n  space, a t t e n t i o n  i s  d i r e c t e d  t o  i n i t i a l  f i n d i n g s  from 
t h e  EGO-1 (OGO-A) s a t e l l i t e .  Two p a r t i c u l a r l y  impor t an t  r e s u l t s  a r e :  
(1) c i r c u l a r l y  p o l a r i z e d ,  coherent  o s c i l l a t i o n s  of l a r g e  amplitude are 
found a t  t h e  bow shock f r o n t  d i s c o n t i n u i t y .  Study o f  t h e  c h a r a c t e r i s t i c s  
of t h e s e  o s c i l l a t i o n s  should s i g n i f i c a n t l y  advance t h e  unde r s t and ing  of 
c o l l i s i o n l e s s  shock waves, and (2)  du r ing  p e r i o d s  of  g e n e r a l  magnetic 
d i s t u r b a n c e  when t h e  magnetospheric t a i l  f i e l d  i n t e n s i t y  i s  h i g h ,  
temporary d e c r e a s e s  i n  t a i l  f i e l d  i n t e n s i t y  are found t o  fo l low t h e  o n s e t  
of a u r o r a l  zone n e g a t i v e  bays i n  t h e  same l o c a l  t i m e  s e c t o r .  Th i s  s u g g e s t s  
t h a t  d u r i n g  t h e  peak a u r o r a l  a c t i v i t y  which accompanies t h e  o n s e t  of  
n e g a t i v e  bays,  t h e  t a i l  f i e l d  i n  t h e  bay s e c t o r  p a r t i a l l y  c o l l a p s e s ,  o r  
r e l a x e s ,  from i t s  h i g h l y  s t r e s s e d  s t a t e .  
An abnormal d i s t o r t i o n  of the  o u t e r  magnetosphere on t h e  day s i d e  o f  
t h e  e a r t h  c o i n c i d e s  w i t h  t h e  occurrence of an a u r o r a l  zone p o s i i i v e  bay 
. n e a r  t h e  same mer id i an .  These c o r r e l a t i o n s  make i t  e v i d e n t  t h a t  a common 
mechanism i s  r e s p o n s i b l e  f o r  major changes i n  t h e  o u t e r  magnetospheric 
f i e l d  and t h e  magnetic bays accompanying a u r o r a .  
1' , 
1. I n t r o d u c t i o n  
This  p a p e r  t a k e s  advantage of a s ta tement  i n  t h e  ESRO colloquium 
announcement t h a t  speakers  ass igned  t o p i c s  should f e e l  f r e e  t o  model 
t h e i r  p r e s e n t a t i o n s  accord ing  t o  their  b e s t  judgment, w i t h  t h e  g e n e r a l  
i dea  of  t he  symposium i n  mind. The "best  judgment'' e x e r c i s e d  h e r e  i s  
t h a t  t h e  p a r t i c i p a n t s  are f a m i l i a r  with e x i s t i n g  p u b l i c a t i o n s  on magnetic 
f i e l d s  i n  space  and would p r e f e r  t o  hear of s e v e r a l  new r e s u l t s .  Thus a 
d i s p r o p o r t i o n a t e  emphasis i s  p laced  on r e c e n t  EGO (OGO-A) magnet ic  f i e l d  
measurements. The s tudy  and i n t e r p r e t a t i o n  of t hese  measurements i s  i n  
an  e a r l y  s t a g e .  I n i t i a l  f i nd ings  r a t h e r  t han  f i n a l  r e s u l t s  are thus  given 
(See footnote*) .  This informat ion  i s  p re sen ted  r e l a t i v e  t o  t h e  framework 
of e a r l i e r  experiments .  The framework t h u s  provides  t h e  review a s p e c t  of 
t h i s  p r e s e n t a t i o n .  
The primary concern f o r  t h i s  colloquium i s  w i t h  t h e  o u t e r  magnetosphere,  
t h e  magnetospheric  boundary, t h e  t r a n s i t i o n  r e g i o n ,  and t h e  bow shock f r o n t  
formed wi th  t h e  i n t e r p l a n e t a r y  medium. From t h e o r e t i c a l  s t u d i e s  and 
s a t e l l i t e s  such as Exp lo re r ' s  10,  1 2 ,  14 and IMP-1 t h e  e a r t h ' s  magnetic 
f i e l d  i n  t h e  noon-midnight p lane  i s  commonly dep ic t ed  a s  shown i n  F igu re  I. 
The s a t e l l i t e  magnet ic  measurements f o r  t h i s  p i c t u r e  e x i s t  on ly  a t  low t o  
middle l a t i t u d e s .  The more r e c e n t  s a t e l l i t e s  such a s  IMP'S 2 and 3 and 
EGO have s i m i l a r  (-30°) o r b i t a l  i n c l i n a t i o n s ,  w i t h  t h e  excep t ion  t h a t  EGO'S 
i n c l i n a t i o n  i s  p o s i t i v e  (no r the rn  hemisphere apogee) r a t h e r  than  nega t ive  
( sou the rn  hemisphere apogee) .  
*A more comprehensive account  of  i n i t i a l  EGO f i n d i n g s  i s  be ing  prepared f o r  
j o u r n a l  p u b l i c a t i o n  by J .  P.  Heppner, B .  G .  Ledley, T .  L. Ski l lman,  
M .  Campbell, and M. Sugiura  whose e f f o r t s  are r e s p o n s i b l e  f o r  t he  EGO 
r e s u l t s  r e p o r t e d  h e r e .  
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I n  cons ider ing  t h e  o u t e r  r e g i o n s  of t h e  e a r t h ' s  f i e l d  w e  must f i r s t  
recognize  t h a t  t h e  e a r t h  i s  imbedded i n  an  i n t e r p l a n e t a r y  f i e l d  o f  s o l a r  
o r i g i n .  The magnitude of  t h i s  f i e l d  has  now been measured by s e v e r a l  
s a t e l l i t e s  and i s  found t o  u s u a l l y  be i n  t h e  range 1 t o  10 gammas w i t h  a 
mean near  5 gammas [ la  2 ,  3 ,  41 .  The d i r e c t i o n  of t h e  i n t e r p l a n e t a r y  
f i e l d  i s  found t o  be much more v a r i a b l e  than  t h e  magnitude. However, 
when s t a t i s t i c a l l y  averaged t h e  dominant d i r e c t i o n  i n  t h e  e c l i p t i c  p l ane ,  
as shown in  F igure  2 f o r  IMP-1 measurements, i s  found t o  be i n  good 
agreement wi th  t h e  "garden hose angle"  expec ted  f o r  l i n e s  o f  fo rce  be ing  
drawn away from t h e  sun by a r a d i a l  plasma flow. Using t h e  same model, 
t h e r e  does n o t  appear  t o  be an obvious e x p l a n a t i o n  f o r  t he  f i e l d  be ing  
d i r e c t e d  predominantly below t h e  e c l i p t i c  p lane  as i n d i c a t e d  i n  F igu re  2 .  
Th i s  sugges ts  a need f o r  longer  pe r iods  o f  measurement i n  i n t e r p l a n e t a r y  
r eg ions  and/or some improvement i n  e x i s t i n g  theo ry .  One o f  t h e  most 
s i g n i f i c a n t  f e a t u r e s  found by Wilcox and Ness [ 3 ]  i n  t h e  a n a l y s i s  of 
f i e l d  d i r e c t i o n s  given by IMP-1 w a s  t h a t  through t h r e e  s o l a r  r o t a t i o n s  
t h e  d i r e c t i o n s  to and from t h e  sun f e l l  i n t o  a s y s t e m a t i c  p a t t e r n  such 
t h a t  t h e  i n t e r p l a n e t a r y  f i e l d  could be d i v i d e d  i n t o  s e c t o r s  of  s o l a r  
l ong i tude ,  as shown i n  F igu re  3 .  Within each  s e c t o r  a s y s t e m a t i c  behavior  
of  f i e l d  magnitude and s o l a r  wind f l u x  w a s  a l s o  appa ren t .  
From s t u d i e s  of t he  s o l a r - i n t e r p l a n e t a r y  f i e l d  we  t h u s  have a p i c t u r e  
t h a t  t h e  e a r t h ' s  magnetic f i e l d  i s  imbedded i n  a p a r t i a l l y  organized  
i n t e r p l a n e t a r y  f i e l d  t h a t  c o - r o t a t e s  w i t h  t h e  sun i n  response  t o  t h e  s o l a r  
wind. 
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2 .  Boundary Locat ions 
The l o c a t i o n  of  t h e  magnetosphere boundary from t h e  noon hour back 
t o  t h e  e a r l y  morning hours  i s  i l l u s t r a t e d  by t h e  IMP-1 c r o s s i n g s  shown i n  
F igu re  4 .  The p o s i t i o n s  are i n  good agreement wi th  t h e  ea r l i e r  measurements 
of E x p l o r e r ' s  12  and 14 [ 5 ,  61.  Proceeding t o  l a r g e r  s o l a r  ang le s  t h e r e  i s  
a l s o  r easonab le  agreement wi th  the  mul t ip l e  boundary c r o s s i n g s  of  Explorer  10 
[ 7 ]  t h a t  occur red  on t h e  evening  s i d e  of t h e  e a r t h  i n  1961. For t h i s  
i l l u s t r a t i o n  t h e  Explorer  10 t r a j e c t o r y  has  been r o t a t e d  about  t h e  sun -ea r th  
l i n e  ( i . e . ,  X s e  a x i s )  i n  s o l a r - e c l i p t i c  c o o r d i n a t e s .  The t e r m  " r e c t i f i e d "  
boundary c r o s s i n g s  means t h a t  r a d i a l  d i s t a n c e s  have been s p h e r i c a l l y  r o t a t e d  
a long  mer id ian  p l anes  i n t o  t h e  s o l a r - e c l i p t i c  p lane  and t h a t  a s m a l l  
c o r r e c t i o n  has  been a p p l i e d  t o  account f o r  t h e  d i f f e r e n t  magnetic l a t i t u d e s  
of t he  sub - so la r  p o i n t .  
IMP-1 [ l ]  w i t h  a 31.7 Re apogee w a s  a l s o  a b l e  t o  d e t e c t  t h e  bow shock 
f r o n t  whose e x i s t e n c e  had been pos tu l a t ed  i n  v a r i o u s  t h e o r e t i c a l  s t u d i e s  
on t h e  b a s i s  t h a t  t h e  s o l a r  wind v e l o c i t y  g r e a t l y  exceeds t h e  Alfvdn 
v e l o c i t y  and t h a t  use  oi t he  Air'vrh Kach i;umber TSLP_Q the  geometry analogous 
t o  t h a t  o f  a n e u t r a l  gas shock wave i n  supe r son ic  flow. The success  of  t h i s  
procedure  i s  i l l u s t r a t e d  by t h e  c a l c u l a t e d  curves  o f  S p r e i t e r  and Jones  [ 8 ]  
shown i n  F igu re  4 .  The o r i g i n a l  c a l c u l a t e d  cu rves  have been r o t a t e d  by 5 
degrees  i n  F igu re  4 t o  t ake  i n t o  account t h e  e a r t h ' s  o r b i t a l  motion. 
S e v e r a l  c h a r a c t e r i s t i c  f e a t u r e s  o f  t h e  magnet ic  f i e l d  observed by a 
s a t e l l i t e  i n  pas s ing  from t h e  magnetosphere t o  t h e  i n t e r p l a n e t a r y  medium 
are  i l l u s t r a t e d  by F igu re  5 .  The po in t s  shown are 5 . 4 6  minute averages  
t 
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from IMP-1 a long  a n  o r b i t  nea r  t h e  s u n r i s e  mer id ian .  A t  t h e  magnetosphere 
boundary (13.6 Re) t h e r e  i s  a sha rp  change i n  both  t h e  f i e l d  magnitude 
and d i r e c t i o n .  The v a r i a b i l i t y  of t h e  f i e l d  i n  t h e  t r a n s i t i o n  r eg ion  i s  
i n d i c a t e d  by t h e  s t anda rd  d e v i a t i o n s  (SXse, SY,,, 6Zse) of  t h e  1 2  
measurements taken f o r  each  component du r ing  each 5.46 minute i n t e r v a l .  
The sudden dec rease  i n  t h e  s t anda rd  d e v i a t i o n s  a t  19 .7  Re r e p r e s e n t s  t h e  
shock f r o n t  c r o s s i n g  i n t o  t h e  weaker and more s t a b l e  i n t e r p l a n e t a r y  f i e l d .  
Figure 6 shows l o c a t i o n s  of  a number of magnetosphere boundary 
c r o s s i n g s  taken from EGO d a t a  on t h e  a f t e rnoon  s i d e  of  t h e  sub - so la r  p o i n t .  
The s c a t t e r  of  t h e s e  p o s i t i o n s  i s  s imi l a r  t o  t h a t  shown i n  F igu re  4 f o r  
IMP-1 d a t a  bu t  t h e  average d i s t a n c e  from t h e  S p r e i t e r  and Jones  [8]  
c a l c u l a t e d  curve i s  somewhat g r e a t e r .  A c o r r e c t i o n  f o r  t h e  magnet ic  
l a t i t u d e  of t h e  sub - so la r  p o i n t  has  n o t  been a p p l i e d .  This  c o r r e c t i o n  
would decrease  some of t h e  d i s t a n c e s  by roughly 10 pe rcen t  bu t  t h e r e  would 
s t i l l  be some d i f f e r e n c e  i n  t h e  average d i s t a n c e  r e l a t i v e  t o  F igu re  4 .  
To determine whether t h i s  d i f f e r e n c e  does o r  does n o t  i n d i c a t e  a s l i g h t  
asymmetry of t he  geomagnetic c a v i t y  i n  a d d i t i o n  t o  t h e  5 degree asymmetry 
a t t r i b u t a b l e  t o  t h e  e a r t h ' s  o r b i t a l  motion,  a d e t a i l e d  comparison of  
r e l a t i v e  s o l a r  wind parameters  i s  r e q u i r e d .  
The shock f r o n t  l o c a t i o n s  shown i n  F i g u r e  6 a l s o  i n d i c a t e  an average  
d i s t a n c e  from the  e a r t h  s l i g h t l y  g r e a t e r  t h a n  t h e  d i s t a n c e s  found f o r  t h e  
morning hours shown i n  F igure  4 .  However, t h e  s t a n d - o f f  d i s t a n c e  ( i . e . ,  
the  sepa ra t ion  o f  t h e  magnetosphere boundary and t h e  shock f r o n t )  i n  
F igu re  6 appears t o  be i n  r easonab le  agreement w i t h  t h e  s t and-o f f  d i s t a n c e  
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given by t h e  c a l c u l a t e d  curves .  Inasmuch as t h e  s t and-o f f  d i s t a n c e  a t  
h igh  Mach numbers i s  r e l a t i v e l y  i n s e n s i t i v e  t o  t h e  Mach number t h i s  i s  
an  expec ted  r e s u l t .  
3 .  Shock Front  C h a r a c t e r i s t i c s  
One o f  t h e  most obvious f e a t u r e s  o f  t h e  shock f r o n t  i n  t h e  a f t e rnoon  
s e c t o r  shown i n  F igu re  6 i s  t h a t  i t  appears  t o  be f r e q u e n t l y  i n  motion. 
Thus when t h e  s a t e l l i t e  i s  approaching apogee, where i t s  r a d i a l  v e l o c i t y  
r e l a t i v e  t o  t h e  e a r t h  i s  l o w ,  i t  f i n d s  i t s e l f  a l t e r n a t e l y  i n s i d e  and 
o u t s i d e  t h e  t r a n s i t i o n  r eg ion  as t h e  shock f r o n t  sweeps back and f o r t h  
a c r o s s  t h e  s a t e l l i t e  t r a j e c t o r y .  The minimum number of shock f r o n t  
c r o s s i n g s  f o r  small s e c t i o n s  of  a number o f  o r b i t s  i s  i n d i c a t e d  bes ide  
each s e c t i o n  i n  F igu re  6 (e .g . ,  20  accompanying one of  t h e  long s e c t i o n s ) .  
The number i n d i c a t e d  i s  a minimum because m u l t i p l e  c r o s s i n g s  o c c u r r i n g  
w i t h i n  s e v e r a l  minutes  have been counted a s  one. 
The l o c a t i o n s  shown i n  F igu re  6 come from an  incomplete  sampling of  
two months of  EGO d a t a .  A s  EGO i s  s t i l l  working 14 months a f t e r  launch 
*I.- LLISLF. will be literally hundreds of  shock f r o n t  c r o s s i n g s  a v a i l a b l e  f o r  
d e t a i l e d  s t u d y .  Hopeful ly  t h e s e  s t u d i e s  w i l l  r e v e a l  some of  t h e  b a s i c  
p r o p e r t i e s  of c o l l i s i o n l e s s  shock waves and thus  d i r e c t  a t t e n t i o n  t o  t h e  
most r e l e v a n t  o f  t h e  many and d ive r se  t h e o r i e s  which have been put  f o r t h  
t o  e x p l a i n  c o l l i s i o n l e s s  shocks.  
To a i d  i n  unders tanding  t h e  examples below t h e  b r i e f  exp lana t ion  of  
t h e  EGO measurements g iven  i n  Appendix (A) should be consu l t ed .  
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F igure  7 i l l u s t r a t e s  a shock f r o n t  c r o s s i n g  occur r ing  when t h e  
s p a c e c r a f t  w a s  i n  t h e  1 Kbit  d a t a  mode. 
t h e r e  i s  a d e f i n i t e  d i s c o n t i n u i t y  i n  t h e  f i e l d  ( i n d i c a t e d  most c l e a r l y  by 
the  i n s e n s i t i v e  Z r ead ings )  t h a t  i d e n t i f i e s  t h e  shock f r o n t .  Near t h i s  
p o i n t  i t  i s  obvious t h a t  t h e r e  are l a r g e  ampli tude r a p i d  f i e l d  o s c i l l a t i o n s  
superimposed on the  12 second s p i n  modulat ion.  These o s c i l l a t i o n s  a r e  a l s o  
observed before  and a f t e r  16h 18m i n  t h e  t r a n s i t i o n  and i n t e r p l a n e t a r y  
r e g i o n s ,  r e s p e c t i v e l y ,  bu t  occur  less f r e q u e n t l y  and wi th  smaller ampli tude 
as time inc reases  o r  dec reases  from 16h 18m. 
t h a t  t h i s  a l s o  means dec reas ing  ampli tude w i t h  i n c r e a s i n g  d i s t a n c e  from 
t h e  shock f r o n t .  The sampling r a t e  on t h e  s e n s i t i v e  s c a l e  i s  2 measurements 
every  1.1 seconds and d e t a i l e d  examinat ion shows t h a t  over  l i m i t e d  p e r i o d s  
of t i m e ,  such a s  5 seconds,  a l t e r n a t e  measurements r e p r e s e n t  peaks and 
t roughs  i n  t h e  o s c i l l a t i o n .  This  sugges t s  t h a t  t h e  p r i n c i p a l  o s c i l l a t i o n  
i s  nea r  a frequency of  1 cps o r  a harmonica l ly  r e l a t e d  frequency.  
A t  approximately 16h 18m OOs 
It i s  r easonab le  t o  assume 
The o s c i l l a t i o n  s t r u c t u r e  i s  cons ide rab ly  more c l e a r  when t h e  s a t e l l i t e  
i s  i n  t h e  8 Kbit  d a t a  mode wi th  14 r e a d i n g s  pe r  second as i l l u s t r a t e d  f o r  a 
d i f f e r e n t  shock f r o n t  i n  F igu re  8 .  I n  t h i s  case t h e  c r o s s i n g  i s  from an 
i n t e r p l a n e t a r y  f i e l d  t o  a t r a n s i t i o n  r e g i o n  f i e l d  bu t  a g a i n  one sees 
d e c r e a s i n g  amplitude p rogres s ing  both  ways from t h e  f r o n t  which occur s  nea r  
OOh 0zm 10'. 
between 0 .8  and 1 . 2  c p s .  Between 1 . 2  and 1 .5  cps  t h e  power s p e c t r a  of 
t h i s  sample shows an ab rup t  dec rease  o f  a lmos t  a f a c t o r  of 10. Taking 
1 cps  as a r e p r e s e n t a t i v e  f requency:  t h i s  f requency  i s  at l e a s t  two o r d e r s  
The p r i n c i p a l  o s c i l l a t i o n  f requency  i n  t h i s  c r o s s i n g  v a r i e s  
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of  magnitude too  low t o  be e i t h e r  the e l e c t r o n  o r  p ro ton  plasma frequency,  
it i s  much lower t h a n  the e l e c t r o n  cyc lo t ron  f requency ,  and i s  a t  least  
a f a c t o r  of  6 t o o  l a r g e  t o  be t h e  ion c y c l o t r o n  frequency.  The c l o s e s t  
unique frequency i s  t h e  lower hybr id  resonance frequency b u t  f o r  an e x a c t  
f i t  t h i s  r e q u i r e s  a f i e l d  of  1 . 5 ~  which does n o t  correspond t o  t h e  observed 
f i e l d .  
h When t h e  o s c i l l a t i o n  i s  l a r g e ,  such as nea r  00 02m 15' i n  F igu re  8 ,  
i t  i s  a l s o  apparent  on t h e  i n s e n s i t i v e  X-axis as shown i n  F igu re  9. The 
90 degree  phase displacement  from the Y axis and t h e  l a c k  o f  ampli tude 
dependence on p o s i t i o n  i n  t h e  12  second s p i n  cyc le  t e l l s  one t h a t  t h e  
o s c i l l a t i o n  i s  e s s e n t i a l l y  c i r c u l a r l y  p o l a r i z e d .  
The frequency and p o l a r i z a t i o n  c h a r a c t e r i s t i c s  t hus  sugges t  t h a t  any 
p ropaga t ion  of t h i s  wave would occur i n  t h e  s a m e  gene ra l  regime as t h e  
w h i s t l e r  mode. However, c a u t i o n  must be e x e r c i s e d  u n t i l  a l a r g e  number 
of c r o s s i n g s  have been ana lyzed .  
manner t h a t  would a f f e c t  both t h e  des igna t ion  of  f requency and t h e  sense  
oi tile p ~ l a r i z a t i o n .  Also to i l l u s t r a t e  t h a t  the examples above do n o t  
r e p r e s e n t  a complete p i c t u r e ,  a t h i r d  shock c r o s s i n g  i s  i l l u s t r a t e d  i n  
t h e  r a w  machine p l o t s  of F igu res  10 and 11. 
Doppler s h i f t s  could be a c t i n g  i n  a 
F igu re  10 shows 30 seconds of  Y and Z a x i s  d a t a  t aken  immediately 
fo l lowing  a shock f r o n t  c r o s s i n g  from i n t e r p l a n e t a r y  t o  t r a n s i t i o n  r e g i o n  
f i e l d s .  The frequency of t h e  prominent o s c i l l a t i o n  apparent  i n  t h e  Y 
r e a d i n g s  i s  c l o s e  t o  0.8 cps and t h u s  i s  s imilar  t o  t h e  examples p rev ious ly  
1 
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given.  However, when w e  look a t  t h e  30 seconds imnedia te ly  preceding  t h e  
30 seconds shown i n  F igure  10,  t h e  o s c i l l a t o r y  f i e l d  behavior  on t h e  
i n t e r p l a n e t a r y  s i d e  of t he  f r o n t  i s  remarkably d i f f e r e n t ,  as shown i n  
F igure  11. 
by 14 samples/sec a r e  p r e s e n t .  
h igh  f requencies  i s  r e l a t e d  t o  t h e  presence of t h e  shock f r o n t  i n  t h a t  
proceeding back i n  t i m e  an a d d i t i o n a l  one minute (not  shown) one f i n d s  a 
q u i e t  i n t e r p l a n e t a r y  f i e l d  i n  which t h e  Y a x i s  d a t a  forms a smooth s i n e  
wave w i t h  v i r t u a l l y  no s c a t t e r  of t he  p o i n t s  such as t h e  s c a t t e r  i n  
F igu re  11. This sugges t s  a h igh ly  e f f e c t i v e  damping mechanism. 
4 .  The T r a n s i t i o n  Region 
It i s  apparent  t h a t  much h ighe r  f r equenc ie s  than  those  r e so lved  
It i s  a l s o  apparent  t h a t  t h e  occurrence  of 
I n  working w i t h  EGO d a t a  i t  has  become obvious t h a t  f i e l d s  i n  t h e  
t r a n s i t i o n  r eg ion  show remarkably d i f f e r e n t  c h a r a c t e r i s t i c s  a t  d i f f e r e n t  
t i m e s .  We a r e  p r e s e n t l y  t r y i n g  t o  f i n d  some s imple means of  c h a r a c t e r i z i n g  
t h e  d i f f e r e n t  t y p e s  of behavior  t o  see  what may be caus ing  t h e s e  d i f f e r e n c e s  
and t o  see  what r e l a t i o n s h i p  each type  of  behavior  may have w i t h  o t h e r  
phenomena. A crude  c l a s s i f i c a t i o n  shows a t  l e a s t  fou r  t ypes  of  behavior :  
(1)  i r r e g u l a r ,  s h o r t  pe r iod  f l u c t u a t i o n s  superimposed on a gene ra l  
f i e l d .  
The t r a n s i t i o n  r e g i o n  f i e l d s  shown i n  F i g u r e s  7 and 8, i n  the  
s e c t i o n s  remote from the  shock f r o n t ,  would f a l l  i n  t h i s  ca t egory .  
per iods o f  s lowly va ry ing  f i e l d s  
The ampli tude can va ry  g r e a t l y  bu t  i s  o f t e n  s m a l l .  
( 2 )  
( 3 )  periods when t h e  f i e l d  appears  t o  be h i g h l y  s t a b l e  f o r  many 
minutes and even hour s ,  and 
( 4 )  periods when t h e  f i e l d  appea r s  t o  be completely c h a o t i c ,  o r  
t u r b u l e n t .  
I 
I 3' 5 
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It is anticipated that correlations with the different types of 
behavior may prove important to understanding the transfer of energy to 
I the magnetosphere. 
5. The Magnetospheric Boundary 
Numerous examples of the change in magnetic field direction and/or 
magnitude in crossing between magnetospheric and transition region 
fields have appeared in the analyses of Explorer's 10, 12, 14 and IMP-1 
[l, 5, 6 ,  71. These will not be discussed in detail here. It should, 
however, be noted that some of the EGO magnetospheric boundary crossings 
show a feature that has apparently been missed or neglected in previous 
analyses. The observation is that for periods such as 20 seconds to 
2 minutes prior to encountering a true discontinuity the field direction, 
in some cases, deviates significantly but in a steady manner without any 
sharp changes or appearance of typical transition region fluctuations. 
In these cases it may be more correct to speak of a thin boundary layer. 
Deviations in this layer have been observed in both the same and opposite 
- .  directions as the I i v r m i i l  f i e l d  Sezd ing  r e s u l t i n g  from the solar wind 
compression. This is indicated in the pictorial representation of 
Figure 12. 
6 .  Long Period Magnetospheric Field Oscillations 
Characteristics of long period oscillations within the magnetosphere 
observed by Explorer's 12 and 14 have been presented by Pate1 [ 9 ] .  It 
appears clear that these are hydromagnetic waves. It is apparent in the 
EGO data that quasi-periodic, large amplitude, oscillations with periods 
in the range 4 to 15 minutes occur frequently in the outer magnetosphere. 
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A s  i nd ica t ed  p i c t o r i a l l y  i n  F igure  1 2  t h e r e  a l s o  i s  a tendency f o r  t h e s e  
o s c i l l a t i o n s  t o  appear  most f r e q u e n t l y  i n  t h e  outermost  r e g i o n s  of t h e  
magnetosphere. Whether t h i s  i s  a consequence of t h e  amount of  t i m e  t h e  
s a t e l l i t e  spends i n  t h e  o u t e r  magnetosphere as opposed t o  t h e  t i m e  i n  
r eg ions  nearer  t h e  e a r t h  needs t o  be r e s o l v e d .  These o s c i l l a t i o n s  a r e  
a l s o  f r e q u e n t l y  observed i n  the  magnetospheric t a i l .  (Note: t he  
i l l u s t r a t i o n  of both a t h i n  boundary l a y e r  and long p e r i o d  o s c i l l a t i o n s  
i n  F igu re  12 does n o t  imply t h a t  t hese  two f e a t u r e s  a r e  r e l a t e d ) .  
7 .  The Magnetospheric T a i l  
The geomagnetic t a i l  f i e l d  a t  low l a t i t u d e s  has  been e x t e n s i v e l y  
mapped i n  t h e  southern  hemisphere by Explorer  14 [ l o ]  and IMP-1 [ l ]  and 
d a t a  i n  the n o r t h e r n  hemisphere i s  be ing  ob ta ined  from EGO. F igu re  13 
i l l u s t r a t e s  t h e  c h a r a c t e r i s t i c  a n t i - s o l a r  f i e l d  d i r e c t i o n  p r o j e c t e d  onto  
the  e c l i p t i c  p lane  from d i f f e r e n t  d i s t a n c e s  (Zse i n  e a r t h  r a d i i )  below 
t h e  p l ane .  Sometime a f t e r  1961 when t h i s  f i e l d  w a s  f i r s t  measured t o  
40 R e  by Explorer  10 [7 ] ,  e n e r g e t i c  r a d i a t i o n  w a s  found n e a r  t h e  e q u a t o r i a l  
p lane  i n  the t a i l  r eg ion .  Seve ra l  i n v e s t i g a t o r s  [ll ,  1 2 ,  131 noted  t h e  
imp l i ca t ions  of t h e s e  obse rva t ions  and concluded t h a t  t h e r e  should be an 
e q u a t o r i a l  s u r f a c e  i n  t h e  t a i l  i n  which t h e  f i e l d  d i r e c t i o n  would r e v e r s e  
r a t h e r  ab rup t ly  from t h i s  a n t i - s o l a r  d i r e c t i o n  t o  t h e  o p p o s i t e  ( i . e . ,  s o l a r )  
d i r e c t i o n  in  t h e  n o r t h e r n  hemisphere.  Th i s  i s  o f t e n  r e f e r r e d  t o  as a 
n e u t r a l  shee t"  d i s c o n t i n u i t y .  The IMP measurements [ 14 3 subsequent ly  II 
r evea led  the e x i s t e n c e  of t h e  f i e l d  r e v e r s a l  r e g i o n .  F igu re  14 i l l u s t r a t e s  
t h e s e  r e v e r s a l s  i n  s o l a r - e c l i p t i c  c o o r d i n a t e s .  
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Following t h e  IMP-1 f ind ings  a second look a t  Explorer  14 d a t a  
brought  f o r t h  the  dramat ic  example of f i e l d  r e v e r s a l  shown i n  F igure  15 .  
More g e n e r a l l y ,  however, t he  Explorer  14 d a t a ,  a t  d i s t a n c e s  8 t o  15 R e ,  
showed a t r a n s i t i o n  from a n t i - s o l a r  t o  s o l a r  d i r e c t e d  f i e l d s  more l i k e  
t h a t  o f  F igure  1 6 .  That i s ,  a region of  low f i e l d  magnitude r a t h e r  than  
a s h a r p  t r a n s i t i o n  sepa ra t ed  t h e  hemispheres of a n t i - s o l a r  and s o l a r  
d i r e c t e d  f i e l d s .  C a h i l l  [ l o ]  used the t e r m  "magnetospheric i n f l a t i o n "  
t o  d e s c r i b e  t h i s  behavior .  Although t i m e  w i l l  n o t  permit  a d i s c u s s i o n  
h e r e  o f  the  u n c e r t a i n t i e s  i n  t h e  shape of the  i n f l a t e d  r e g i o n  and p o s t u l a t e d  
" n e u t r a l  shee t "  c o n f i g u r a t i o n s  , t h e  a v a i l a b l e  d a t a  sugges t s :  ( a )  t h a t  t h e r e  
i s  probably l a t i t u d i n a l  narrawing of t h e  f i e l d  r e v e r s a l  r e g i o n  wi th  
i n c r e a s i n g  d i s t a n c e  from the  e a r t h  such t h a t  t h e  t e r m  " n e u t r a l  shee t "  
becomes more r e a l i s t i c  a t  g r e a t  d i s t a n c e s ,  and (b)  t h a t  t he  l o c a t i o n  of 
t h e  f i e l d  r e v e r s a l  r e g i o n  i s  related t o  both  t h e  geomagnetic equa to r  and 
t h e  l a t i t u d e  of  t h e  sub - so la r  p o i n t  i n  a manner i n  which t h e  a n t i - s o l a r  
d i r e c t i o n  becomes more important  with i n c r e a s i n g  d i s t a n c e .  
During distiirbeed r i g n z t i c  c ~ n d i t i o r r s  ( i . ~ .  K- i n d i c e s  a r e  l a r g e  and 
Y 
t h e r e  i s  a p p r e c i a b l e  D s t  v a r i a t i o n  a t  low l a t i t u d e s )  IMP-1 [15] and 
Exp lo re r  14 [ l o ]  r e s u l t s  show t h a t  the average  magnitude of t h e  t a i l  f i e l d  
i s  s i g n i f i c a n t l y  i n c r e a s e d  a t  l a t i t u d e s  remote from t h e  f i e l d  r e v e r s a l  
r e g i o n .  The i n c r e a s e  i n  average f i e l d  i n t e n s i t y ,  r e l a t i v e  t o  q u i e t  p e r i o d s ,  
is  observed both  i n  t h e  i n i t i a l  and main phase s t a g e s  of a magnet ic  s torm [15] .  
8 .  The Magnetospheric T a i l  (EGO measurements) 
A s  desc r ibed  i n  Appendix (A), two senso r s  measure t h e  f i e l d  i n  t h e  
XY p l a n e  o f  t he  EGO s p a c e c r a f t  and one senso r  measures t h e  f i e l d  a long  t h e  
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s p a c e c r a f t  Z a x i s  which i s  a l s o  t h e  s p i n  a x i s .  To o b t a i n  a complete 
v e c t o r  r e p r e s e n t a t i o n  a r e f e r e n c e  d i r e c t i o n  i s  needed i n  t h e  XY p lane  
du r ing  each 12 second s p a c e c r a f t  s p i n  p e r i o d .  
t o  g ive  t h i s  r e f e r e n c e  d i r e c t i o n ,  t he  r e d u c t i o n  on a s y s t e m a t i c  b a s i s  h a s  
been complicated and u n t i l  complete confidence i s  e s t a b l i s h e d  i n  t h e  
a t t i t u d e  da t a  provided i t  appears  w i s e  t o  p r e s e n t  d a t a  i n  a form n o t  
a f f e c t e d  by a t t i t u d e  e r r o r s .  F o r t u n a t e l y ,  t h e  o r i e n t a t i o n  of t h e  s a t e l l i t e ,  
as i l l u s t r a t e d  i n  F igu re  1 7 ,  i s  such t h a t  a t  l a r g e  d i s t a n c e s  from t h e  e a r t h ,  
and e s p e c i a l l y  on inbound passes ,  t h e  XY senso r s  a r e  p r i m a r i l y  measuring 
t h e  f i e l d  in  a merid ian  p lane  ok t h e  e a r t h  and Z measures p r i m a r i l y  t h e  
f i e l d  normal t o  a mer id ian  p l ane .  Thus i n  a d a t a  p r e s e n t a t i o n  l i k e  
F igu re  18 the  s i g n  of  t h e  2 a x i s  d e v i a t i o n  t e l l s  one whether t h e  f i e l d  i s  
d i r e c t e d  toward o r  away from t h e  sun.  
Although informat ion  e x i s t s  
F igure  18 i s  an inbound pass  i n  t h e  magnetospheric  t a i l  o c c u r r i n g  
du r ing  t h e  decay phase o f  a moderate magnet ic  s torm.  It i s  s e l e c t e d  f o r  
p r e s e n t a t i o n  he re  because it s e r v e s  t o  i l l u s t r a t e  a number of gene ra l  
f e a t u r e s  wi th in  a l i m i t e d  pe r iod  of t i m e .  The l a r g e  average  magnitude of 
the  t a i l  f i e l d  p rev ious ly  d i s c u s s e d  i s  q u i t e  e v i d e n t  a t  d i s t a n c e s  >10 Re.  
The s i g n  of Z t e l l s  one t h a t  t h e  f i e l d  i s  d i r e c t e d  toward t h e  sun .  
( i . e . ,  t h e  s a t e l l i t e  i s  i n  a n o r t h e r n  hemisphere f i e l d  a l though n o t  fa r  
from t h e  e q u a t o r i a l  p l a n e ) .  
A t  d i s t ances  of 4 t o  8 t h e  EGO o r b i t  p rov ides  d a t a  which i s  unique 
i n  the  sense t h a t  measurements are o b t a i n e d  a t  t h e  e q u a t o r  on inbound 
passes .  I n  F igu re  18 i t  i s  appa ren t  t h a t  t h e  f i e l d  magnitude i n  t h e  
I 4 
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meridian plane i n  t h i s  r eg ion  i s  cons iderably  lower than t h e  r e f e r e n c e  
f i e l d  (computed from Jensen  and Cain c o e f f i c i e n t s ) .  A f i r s t  impress ion  i n  
n o t i n g  t h i s  low magnitude r e g i o n  i s  t o  jump t o  t h e  conc lus ion  t h a t  i t  
r e p r e s e n t s  t h e  D s t  r i n g  c u r r e n t  l o c a t i o n .  However, as p rev ious ly  presented  
[16] ,  i t  can be shown, through comparison of s u r f a c e  D s t  v a r i a t i o n s  w i t h  
EGO d a t a  on success ive  o r b i t s  and i n  terms of r e l a t i v e  magnitudes of  t h e  
d e v i a t i o n  a t  4 R e  wi th  s u r f a c e  D s t  va lues ,  t h a t  such a source  does n o t  
adequa te ly  e x p l a i n  t h e  s u r f a c e  d i s tu rbance .  This  a l s o  means t h a t  a c u r r e n t  
sheet l o c a t e d  i n  a t a i l  n e u t r a l  su r f ace  does n o t  account  f o r  the s u r f a c e  D s t  
v a r i a t i o n .  I n  F igu re  18 it i s  apparent  t h a t  t h e  f i e l d  d e v i a t i o n  i s  
d e c r e a s i n g  r a p i d l y  between 5 and 3 . 8  R e .  Th i s  t r e n d ,  t o g e t h e r  w i t h  the 
inadequacy o f  sou rces  beyond 3.8 Re, sugges t s  t h a t  a t  least  some f r a c t i o n  
o f  t h e  s u r f a c e  D s t  v a r i a t i o n  comes from sources  below 3.8 R e ,  probably i n  
t h e  2 t o  3.5 Re r e g i o n  ( a  review of t h e  l i k e l i h o o d  o f  a r i n g  c u r r e n t  i n  
t h i s  r e g i o n  i s  given i n  [13 ] ) .  
Although t h e  measurements i n  Figure 18 w e r e  t aken  d u r i n g  t h e  decay o f  a 
storm 1- Inw magnitude a t  t h e  equator  n e a r  6 R, on t h e  n i g h t  s i d e  of  t h e  e a r t h  
i s  observed  under non-storm cond i t ions  as w e l l .  There a re ,  however, c a s e s  
under  ve ry  q u i e t  c o n d i t i o n s  i n  which t h e  d e v i a t i o n  from r e f e r e n c e  f i e l d  
v a l u e s  i s  ve ry  s m a l l .  It should a l s o  be noted t h a t  t h e  r e g i o n  i s  n o t  
conf ined  t o  l o c a l  t i m e s  nea r  midnight.  The depressed  f i e l d  i n  F igu re  19 
n e a r  evening  t w i l i g h t  i l l u s t r a t e s  t h i s  p o i n t .  Although a d i s t u r b a n c e  had 
o c c u r r e d  ea r l i e r ,  va lues  o f  Kp=l correspond t o  the  i n t e r v a l  shown. F igu re  19 
a t  R e  >9 a l s o  shows long pe r iod  o s c i l l a t i o n s  of t he  type d i scussed  i n  
S e c t i o n  6 . ,  above. 
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9. Magnetospheric F i e l d  Behavior dur ing  Aurora l  Zone Magnetic Bays 
The EGO measurements i n d i c a t e  a c l o s e  r e l a t i o n s h i p  between 
magnetospheric f i e l d  behavior  and a u r o r a l  zone magnetic bays .  
t h i s  a s s o c i a t i o n  of behavior  can be h igh ly  important  i n  t h a t  i t  provides  
c l u e s  t o  t h e  dynamical processes  invo lved .  F igure  18 aga in  s e r v e s  a s  an  
i l l u s t r a t i o n .  Near 19:37 and 21:39 UT t h e  XY measurements (approximately 
i n  t h e  meridian p l ane )  show a r e l a t i v e l y  abrupt  dec rease  superimposed on 
t h e  otherwise h igh  f i e l d  l e v e l  mentioned i n  t h e  p rev ious  s e c t i o n .  
a t  a u r o r a l  zone s u r f a c e  o b s e r v a t o r i e s  nea r  t h e  same l o c a l  t i m e  zone one 
f i n d s  t h a t  about  14 minutes p r i o r  t o  each  of t h e s e  t i m e s  t h e r e  w a s  an 
occurrence of t he  onse t  o f  a nega t ive  bay.  I n  the  case  of t h e  f i r s t  bay 
t h e r e  i s  a l s o  an abrupt  recovery  which ends a t  20.31 UT a t  both t h e  
s a t e l l i t e  and s u r f a c e  l o c a t i o n s .  
P o t e n t i a l l y  
Looking 
I f  we look j u s t  a t  F igu re  18, two p o s s i b l e  e x p l a n a t i o n s  come t o  
mind: 
such t h a t  the e q u a t o r i a l  low magnitude o r  " n e u t r a l  shee t ' '  r e g i o n  expands 
l a t i t u d i n a l l y  t o  inc lude  t h e  s a t e l l i t e s  l o c a t i o n  a t  t h e  t i m e  o f  t h e  bay, 
o r  ( 2 )  t h a t  t h e  t a i l  f i e l d  tends  t o  c o l l a p s e  back t o  a less s t r e s s e d  
c o n d i t i o n  a t  t h e  t ime of t h e  bay such t h a t  t h e  f i e l d  i n t e n s i t y  i n  the  t a i l  
i s  decreased.  These are d i r e c t l y  o p p o s i t e  c o n d i t i o n s  and i t  i s  impor tan t  
t o  know which i s  c o r r e c t .  What we  have done so f a r ,  t o  t r y  t o  r e s o l v e  
t h i s  dilemna, i s  t o  look f o r  examples i n  which t h e  s a t e l l i t e  i s  a t  a h igh  
enough l a t i t u d e ,  >20°, t o  make i t  improbable t h a t  t h e  s a t e l l i t e  could  f a l l  
w i t h i n  t h e  low magnitude, o r  n e u t r a l  s h e e t ,  r e g i o n .  Two very  c l e a r ,  and 
(1) t h a t  t h e  magnetospheric t a i l  i s  f u r t h e r  s t r e t c h e d  and /o r  i n f l a t e d  
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o t h e r  margina l ,  cases have been found and i n  each  c a s e  t h e  behavior  i s  
e s s e n t i a l l y  t h e  same as i n  F igure  18 wi th  d i f f e r e n c e s  appea r ing  only  i n  
t h e  number o f  minutes  between t h e  bay and s a t e l l i t e  d i s t u r b a n c e  o n s e t  t i m e "  
(Note: 
a t  l e a s t  u n t i l  c o n t r a d i c t o r y  d a t a  appears ,  t h e  view t h a t  i s  favored  i s  
t h a t  t h e  t a i l  f i e l d  i s  p a r t i a l l y  c o l l a p s i n g  back toward a less s t r e s s e d  
c o n d i t i o n  dur ing  a nega t ive  bay. 
s m a l l  because a number of cond i t ions  must be s a t i s f i e d  t o  make t h e  
c o r r e l a t i o n ;  t h e  most l i m i t i n g  is having a s u r f a c e  obse rva to ry  nea r  t h e  
same l o c a l  t i m e  as t h e  s a t e l l i t e  and then  having  t h e  o n s e t  of a nega t ive  
bay o r i g i n a t e  nea r  t h a t  obse rva to ry .  A s  more a u r o r a l  zone magnetograms 
become a v a i l a b l e  a d d i t i o n a l  c o r r e l a t i o n s  w i l l  be  p o s s i b l e ) .  
i n  one case  t h e  onse t  t i m e  was e s s e n t i a l l y  s imul taneous) .  Thus, 
(Note: t h e  number of examples has  been 
An o u t l i n e  t o  i l l u s t r a t e  t h e  r o l e  of nega t ive  bays i s  shown i n  
F igu re  20.  Seve ra l  i t e m s  should be noted.  The f i r s t  i s  t h a t  t h e  t a i l  
f i e l d  dec rease  du r ing  a nega t ive  bay may be roughly conf ined  t o  s e c t o r s  
o f  t h e  t a i l  r e l a t e d  i n  l o c a l  t i m e  t o  the r e g i o n  of  nega t ive  bay occurrence  
( i . e . >  it  has  n o t  been demonstrated t h a t  t h e  e n t i r e  t a i l  f i e l d  t ends  t o  
c o l l a p s e  back) .  Second, t h e  i n f e r r e d  t r a n s f e r  of energy does n o t  r e p r e s e n t  
t h e  t o t a l  energy o f  t h e  d i s tu rbance .  Th i rd ,  t h e r e  i s  no estimate of  t h e  
degree  t o  which ene rg ized  p a r t i c l e s  from w i t h i n  t h e  magnetosphere t end  t o  
i n f l a t e  t h e  magnetosphere i n  oppos i t i on  t o  t h e  magnetospheric  compression 
by t h e  s o l a r  wind. 
Proceeding t o  t h e  day s i d e  of  the e a r t h  t h e  importance o f  r e l a t i o n s h i p s  
between a u r o r a l  zone bays and magnetospheric f i e l d  behavior  i s  aga in  
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appa ren t .  F i g u r e s  2 1  and 22 show d a t a  on outbound passes  taken  8 days 
a p a r t  on days of s i m i l a r  gene ra l  magnetic a c t i v i t y  but  having  s p e c i f i c  
d i f f e r e n c e s  a t  t h e  a c t u a l  t i m e  of t h e  d a t a .  The per iod  of t he  EGO o r b i t  
i s  such tha t  p r e c i s e l y  3 o r b i t s  occur  every  8 days ;  thus  except  f o r  a 
lo per  day long i tude  s h i f t  t h e  r e l a t i v e  p o s i t i o n s  of t h e  s a t e l l i t e  and 
t h e  Kiruna Observatory a r e  t h e  same every  8 days .  
The measurements on October 4 (F igure  21) show a r e l a t i v e l y  normal 
f i e l d  d i s t o r t i o n  f o r  n o r t h e r n  l a t i t u d e s  i n  t h e  a f t e r n o o n ,  p r e - t w i l i g h t  , 
t i m e  s e c t o r .  The inc reased  magnitude, r e l a t i v e  t o  t h e  r e f e r e n c e  f i e l d ,  
i s  expected from s o l a r  wind compression of  t h e  f i e l d .  The s i g n  o f  2, 
r e l a t i v e  t o  t he  r e f e r e n c e  f i e l d ,  i s  nega t ive  a t  l a r g e  d i s t a n c e s  as expec ted  
i f  t he  magnetic mer id ian  plane i s  bent  i n  t h e  a n t i - s o l a r  d i r e c t i o n  by t h e  
compression (Note: t o  recognize  t h i s  p o i n t  r o t a t e  t h e  o r b i t  and s a t e l l i t e  
o r i e n t a t i o n  shown i n  F igu re  1 7  t o  t h e  a p p r o p r i a t e  l o c a l  t i m e .  The +Z a x i s  
i s  then roughly a n t i - s o l a r ) .  A t  t h e  t i m e  o f  t h e s e  measurements t h e r e  i s  
a l u l l  between bay d i s t u r b a n c e s  i n  t h e  a u r o r a l  zone, a s  shown i n  F igu re  2 1  
by Kiruna near t h e  s a t e l l i t e s  l o c a l  t ime and Col lege  on t h e  n i g h t  s i d e .  
The EGO measurements on October 12 (F igure  22) have a markedly 
d i f f e r e n t  appearance.  Throughout t h i s  d a t a  i n t e r v a l  t h e r e  w a s  bay a c t i v i t y  
on t h e  night  s i d e  (College magnetogram). A t  11:30 UT p o s i t i v e  bay a c t i v i t y  
began i n  the a f t e rnoon  (Kiruna magnetogram) (Note:  i d e n t i f i c a t i o n  of 
11:30 UT as  t h e  s t a r t  t ime comes from looking  a t  a l l  t h r e e  components a t  
Kiruna and not  j u s t  t h e  H trace shown i n  F i g u r e  2 2 ) .  
4.5 Re (L"5.5) t h e  s a t e l l i t e  measurements show t h e  beginning  of a 
A t  11:41 UT nea r  
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d i s tu rbance  but  one cannot be s u r e  whether t h e  important  parameter h e r e  
i s  t h e  t i m e  o r  t he  change i n  L s h e l l .  A f i e l d  decrease  i s  f i r s t  observed 
but  w i t h  i n c r e a s i n g  d i s t a n c e  the  dominant f e a t u r e  becomes a d i s t o r t i o n  of 
t h e  f i e l d  d i r e c t i o n  which i s  t h e  oppos i t e  of t h e  normal d i s t o r t i o n .  
Cons ider ing  only  the  d i s t o r t i o n  o f  the magnetic mer id ian  p lane  t h e  
bending of  t h e  mer id ian  p lane  i s  i n  the  s o l a r  d i r e c t i o n  a s  i l l u s t r a t e d  
i n  F igure  23 .  
To e x p l a i n  t h e  abnormal d i s t o r t i o n  a s s o c i a t e d  wi th  t h e  p o s i t i v e  bay 
of October 12 t h e r e  i s  some appea l  i n  imagining t h a t  a r e g i o n  of e n e r g e t i c  
magnetospheric  plasma on t h e  n i g h t  s i d e  pushes i n t o  t h e  day s i d e  i n  t h e  
form of  a "tongue" t o  s t r e s s  t h e  magnetic mer id ian  i n  oppos i t i on  t o  t h e  
s o l a r  wind s t ress .  Such a p i c t u r e  may n o t ,  however, r e p r e s e n t  r e a l i t y .  
A second and more d e t a i l e d  comparison of  October 4 and October 1 2  sugges t s  
t h a t  a reasonable  model could be cons t ruc t ed  by having e l e c t r i c  c u r r e n t s  
flow a long  f i e l d  l i n e s .  The complete c i r c u i t  might t hen  involve  t h e  
eas tward  e l e c t r o j e t  c u r r e n t .  
l n  c l o s i n g ,  i b e l i e v e  it i s  a p p r ~ p r i a t e  re la t ive  t o  t h e  o t h e r  t o p i c s  
of t h i s  col loquium t o  no te  t h e  importance of  s tudy ing  a u r o r a l  zone magnetic 
bay phenomena and t o  no te  a l s o  t h a t  t h e  e l e c t r i c  f i e l d s  which w e  commonly 
a s s o c i a t e  w i t h  a u r o r a l  e l e c t r o j e t s  a r e  probably an important  element i n  
t h e  dynamics o f  t h e  magnetosphere.  
be a b l e  t o  speak of  j o i n t  e l e c t r i c  and magnetic f i e l d  measurements i n  
d i s c u s s i n g  convec t ive ,  and o t h e r ,  p rocesses .  S i m i l a r  c o n s i d e r a t i o n s  of  
j o i n t  e l e c t r i c  and magnetic f i e l d  measurements apply t o  unders tanding  t h e  
shock  wave s t r u c t u r e s  emphasized i n  t h i s  p r e s e n t a t i o n .  
Hopeful ly  s e v e r a l  y e a r s  hence we  w i l l  
Appendix ( A )  
A Brief  Explana t ion  of OGO-A (EGO-1) 
Magnetic F i e l d  Measurements 
The OGO (EGO and POGO) s p a c e c r a f t  a re  des igned  t o  be s t a b l e  space- 
c r a f t .  However, two boom appendages on OGO-A ( E G O - 1 )  f a i l e d  t o  deploy 
and t h i s  c o n t r i b u t e d  t o  t h e  f a i l u r e  of the  s t a b i l i z a t i o n  system. One 
of  t h e  two booms t h a t  f a i l e d  t o  deploy h e l d  t h e  magnetometers. The n e t  
r e s u l t  w a s  t h a t :  ( a )  t h e  s p a c e c r a f t  assumed a s p i n  s t a b l e  c o n f i g u r a t i o n  
r a t h e r  than  complete  s t a b i l i z a t i o n ,  ( b )  t h e  o p t i c a l  pumping, Rb-vapor, 
magnetometer was l e f t  a g a i n s t  t h e  s p a c e c r a f t  body i n  a h igh  g r a d i e n t  
f i e l d  where i t  could  n o t  o p e r a t e ,  and (c) t h e  t h r e e - a x i s  f l u x g a t e  mag- 
ne tometer  w a s  l e f t  i n  a p o s i t i o n  s e v e r a l  f e e t  from t h e  s p a c e c r a f t  body 
i n  a r e g i o n  of  moderate s p a c e c r a f t  f i e l d s  f o r  t h i s  proximi ty .  
I n  t h e  undeployed s t a t e  t h e  f l u x g a t e  a x e s  a re ,  however, c o i n c i d e n t  
w i th  t h e  X ,  Y ,  Z body a x e s  of t h e  s p a c e c r a f t  such t h a t  t h e  - Z  and - Y  
i n s t rumen t  a x e s  c o i n c i d e  , r e s p e c t i v e l y  , with  t h e  +Z and +Y s p a c e c r a f t  
body a x e s  and t h e  +X ins t rument  a x i s  c o i n c i d e s  w i t h  t h e  +X s p a c e c r a f t  
a x i s .  The Z a x i s -  of t h e  s p a c e c r a f t  i s  a lso t h e  spiI1 a x i s  and the  s p i n  
p e r i o d  i s  approximate ly  12 seconds.  I n  t h i s  s i t u a t i o n  t h e  X and Y 
s e n s o r s  each measure t h e  ambient magnetic f i e l d  i n  t h e  XY p l a n e  i n d e -  
pendent  of  t h e  s p a c e c r a f t  f i e l d  as i l l u s t r a t e d  i n  F i g u r e  A - 1 .  The Z 
ax is  measurement i s  n o t  , however, independent of t h e  s p a c e c r a f t  f i e l d  
and t h e  c o n t r i b u t i o n  of  t h e  s p a c e c r a f t  f i e l d  must be  deduced by o t h e r  
means. F o r t u n a t e l y ,  t h e  s p a c e c r a f t  f i e l d  h a s  been e x c e p t i o n a l l y  s t a b l e  
as shown by a long h i s t o r y  of X and Y measurements and t h e  Z s p a c e c r a f t  
f i e l d  i s  t h u s  determined t o  an e s t ima ted  accuracy of  - + 2 gammas ( a  
v a l u e  imposed by t h e  i n s e n s i t i v e  scale r e s o l u t i o n  as exp la ined  below) 
by examining t h e  Z measurements ove r  many long p e r i o d s  i n  i n t e r p l a n e t a r y  
r e g i o n s .  
A s  i l l u s t r a t e d  i n  F i g u r e  A - 1  t h e  s p a c e c r a f t  f i e l d  i s  e q u i v a l e n t  t o  
having a s h i f t  i n  t h e  f l u x g a t e  z e r o  leve l .  The EGO-1 f i e l d  i s  such 
t h a t  t h i s  s h i f t  i s  -gy a long  t h e  Y ins t rument  a x i s ,  -59y a long  t h e  X 
ins t rument  ax i s ,  and -54y a long  t h e  Z i n s t rumen t  a x i s .  
ment h a s  t w o  ranges  of s e n s i t i v i t y ,  see F i g u r e  A - 1 ,  t h i s  h a s  t h e  add- 
i t i o n a l  consequence i n  weak f i e l d s  t h a t  h i g h l y  s e n s i t i v e  r ead ings  ( i . e . ,  
0.24y) a r e  ob ta ined  o n l y  from t h e  Y s e n s o r  i n  t h e  XY p l a n e .  
Z s e n s o r s  are l i m i t e d  t o  r e a d i n g s  w i t h i n  d i g i t a l  s t e p s  of  3 t o  4 
( i . e .  - + 1.5 t o  2 ” ) .  
A s  t h e  i n s t r u -  
The X and 
Y 
F i g u r e  A - 1  a lso shows t h e  sampling ra te  r e l a t i v e  t o  t h e  12 second 
s p i n  per iod  f o r  each of t h e  t h r e e  d a t a  modes provided by t h e  s p a c e c r a f t .  
I n  r e a d i n g s  p e r  second f o r  each a x e s  t h e  ra tes  are: 1.8 measurements 
p e r  second i n  t h e  1 Kbit  mode, 14 measurements p e r  second i n  t h e  8 Kbit  
mode, and 114 measurements p e r  second i n  t h e  6 4  Kb i t  mode on t h e  s e n s i -  
t i v e  scale and one-ha l f  t h i s  rate on t h e  i n s e n s i t i v e  scale. 
The instrument  response  t o  o s c i l l a t i n g  f i e l d s  i s  f l a t  t o  10 c p s  
wi th  a n  approximate exponen t i a l  drop-off  a t  h i g h e r  f r e q u e n c i e s  such 
t h a t  t h e  response i s  c l o s e  t o  50 p e r c e n t  a t  50 c p s .  Peak- to-peak  i n -  
s t rument  noise  l e v e l s  are 2 0.12  gammas. 
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A p i c t o r i a l  i l l u s t r a t i o n  of  t h e  geomagnetic c a v i t y  i n  t h e  noon- 
midnight  meridian p l a n e .  
S t a t i s t i c a l  d i s t r i b u t i o n  o f  i n t e r p l a n e t a r y  f i e l d  d i r e c t i o n s  i n  
s o l a r - e c l i p t i c  c o o r d i n a t e s  dur ing  3 solar r o t a t i o n s ,  from IMP-1 
[Wilcox and Ness, 31. 
S e c t o r  s t r u c t u r e  of t h e  i n t e r p l a n e t a r y  magnet ic  f i e l d  suggested by 
IMP-1 measurements. A + s i g n  des igna te s  f i e l d s  d i r e c t e d  away from 
t h e  sun; a - s i g n  d e s i g n a t e s  f i e l d s  d i r e c t e d  toward t h e  sun. From 
ave rages  o v e r  3 hour  i n t e r v a l s  f o r  3 s o l a r  r o t a t i o n s  [Wilcox and 
Ness, 31. 
Loca t ions  of  t h e  magnetopause and r e c t i f i e d  shock wave a t  pre-noon 
loca l  t imes from IMP-1, compared wi th  computed boundar ies  of  
S p r e i t e r  and Jones  [ 8 3  i n  s o l a r - e c l i p t i c  c o o r d i n a t e s  ( a x e s  Xse, Yse 
l i e  i n  t h e  e c l i p t i c  p lane)  
Magnetic f i e l d  measurements from IMP-1 on Janua ry  5, 1964 n e a r  t h e  
s u n r i s e  mer id ian  [Ness, e t  a l .  , 11. 
Magnetospheric boundary and shock f r o n t  l o c a t i o n s  a t  a f t e rnoon  l o c a l  
times from EGO, compared wi th  computed boundar ies  of  S p r e i t e r  and 
J o n e s  [ 81 i n  s o l a r - e c l i p t i c  c o o r d i n a t e s .  
Magnetic f i e l d  measurements dur ing  a bow shock f r o n t  c r o s s i n g  wi th  
t h e  EGO s p a c e c r a f t  i n  t h e  1 Kbit d a t a  mode ( S e e  Appendix A f o r  ex- 
p l a n a t i o n  of  sampling r a t e ,  e t c . )  
b e s s ,  e t  a l .  , 11. 
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8. M a g n e t i c  f i e l d  m e a s u r e m e n t s  d u r i n g  a.bow s h o c k  f r o n t  c r o s s i n g  w i t h  
9 
1 0  
t h e  EGO s p a c e c r a f t  i n  t h e  8 K b i t  d a t a  mode ( S e e  A p p e n d i x  A f o r  ex- 
p l a n a t i o n  o f  s a m p l i n g  r a t e ,  e t c . )  
Expanded p l o t  f r o m  t h e  s h o c k  f r o n t  c r o s s i n g  shown i n  F i g u r e  8 .  T h e  
i n s e n s i t i v e  X a x i s  i s  a d d e d  t o  i l l u s t r a t e  p o l a r i z a t i o n  of t h e  
o s c i  l l a t i o n .  
Machine p l o t  o f  r a w  d a t a  f o r  t h e  Y, s e n s i t i v e  ( d o t s ) ,  a n d  2 ,  i n s e n s i -  
t i v e  ( a s t e r i s k s ) ,  c h a n n e l s  b e t w e e n  14 00m31S a n d  14h01m01s on d a y  
3 5 3 ,  1964.  F u l l  sca le  i s  80 gammas. S p a c e c r a f t  d a t a  mode i s  8 K b i t .  
( S e e  Appendix A f o r  e x p l a n a t i o n  o f  z e r o  l e v e l ,  e t c . )  
h 
11. Machine p l o t  of r a w  d a t a  f o r  t h e  Y, s e n s i t i v e  ( d o t s ) ,  a n d  Z ,  i n s e n s i -  
t i v e  ( a s t e r i s k s ) ,  c h a n n e l s  f o r  t h e  30 s e c o n d s ,  14h00m01s t o  14h00m31s,  
p r e c e d i n g  t h e  d a t a  shown i n  F i g u r e  10. The p r i n c i p a l  s h o c k  f r o n t  
d i s c o n t i n u i t y  i s  n e a r  14 00m25S.  
I 
h 
1 2 .  P i c t o r i a l  i l l u s t r a t i o n  ( S e e  t e x t  f o r  e x p l a n a t i o n ) .  
13. Summary of t h e  d i s t o r t i o n  of t h e  g e o m a g n e t i c  f i e l d  i n  t h e  s o u t h e r n  
h e m i s p h e r e  t a i l  r e g i o n  f r o m  IMP-1. D a s h e d  l i n e s  g ive  d i s t a n c e s  below 
t h e  e c l i p t i c  p l a n e  i n  e a r t h  r a d i i  ( Z s e  c o o r d i n a t e ) .  Vectors are 
from h o u r l y  a v e r a g e  c o m p o n e n t s  Xse a n d  Yse i n  solar e c l i p t i c  c o o r d i -  
n a t e s  [Ness, e t  a l . ,  11. 
Summary of  h o u r l y  a v e r a g e  c o m p o n e n t s  i n  t h e  X s e ,  Zse p l a n e  f o r  IMP-1 
m e a s u r e m e n t s  i n  t h e  n o r t h e r n  e c l i p t i c  h e m i s p h e r e  f o r  Yse  s a t e l l i t e  
c o o r d i n a t e s  ;r- 3 R e .  
14. 
Note f i e l d  reversals  [Ness, e t  a l . ,  11. 
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are  p r o j e c t i o n s  of t h e  magnetic f i e l d  v e c t o r  on t h e  local magnetic 
mer id ian  p lane .  End p o i n t s  of v e c t o r s  are p l o t t e d  a t  t h e  geomagnetic 
l a t i t u d e  and r a d i a l  d i s t a n c e  of t h e  measurement. The a n t i - s o l a r  
d i r e c t i o n  i s  shown i n  geomagnetic l a t i t u d e  i n  t h e  midnight  mer id ian  
p l a n e  f o r  t imes n e a r  sa te l l i t e  apogee [ C a h i l l ,  103. 
Exp lo re r  14 measurements on t h e  n i g h t  s i d e  of t h e  e a r t h .  Vectors  
are  p l o t t e d  as i n  F i g u r e  15 [ C a h i l l ,  101 . 
I1 l u s t r a t i o n  of  t h e  EGO s p i n  a x i s  o r i e n t a t i o n  i n  i n e r t i a l  c o o r d i n a t e s  
r e l a t i v e  t o  t h e  s p a c e c r a f t ' s  l o c a t i o n  i n  o r b i t .  E q u a t o r i a l  p l a n e  
p r o j e c t i o n .  
EGO magnetic f i e l d  measurements on t h e  n i g h t  s i d e  of t h e  e a r t h  f o r  
t h e  inbound p a s s  on September 28-29, 1964 and s e l e c t e d  s u r f a c e  mag- 
n e t i c  f i e l d  r e c o r d s  from a u r o r a l  zone o b s e r v a t o r i e s .  
19. EGO magnet ic  f i e l d  measurements n e a r  t h e  evening t w i l i g h t  s e c t o r  
for t h e  inbound p a s s  on November 23-24, 1964. 
20. O u t l i n e  t o  i l l u s t r a t e  t h e  a s s o c i a t e d  r o l e  of n e g a t i v e  bays  i n  t h e  
behav io r  of t h e  magnetospheric t a i l  f i e l d .  
21. EGO magnet ic  f i e l d  measurements i n  an a f t e rnoon  sector f o r  t h e  o u t -  
bound p a s s  on October  4 ,  1964 and s e l e c t e d  s u r f a c e  magnetic f i e l d  
r e c o r d s  from a u r o r a l  zone o b s e r v a t o r i e s .  
22. EGO magnet ic  f i e l d  measurements i n  an a f t e r n o o n  s e c t o r  f o r  t h e  o u t -  
b o m d  p a s s  on October  1 2 ,  1964 and s e l e c t e d  s u r f a c e  magnetic f i e l d  
r e c o r d s  from a u r o r a l  zone o b s e r v a t o r i e s .  
t I 
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23.  P i c t o r i a l  r e p r e s e n t a t i o n  of t h e  r e l a t i v e  bending of t h e  magnetic 
meridian p l a n e  a t  d i s t a n c e s  Re > 6 on  October  4 and October  1 2 ,  1964.  
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